strongly coupled, meaning that the excited state energy oscillates many times between the photon emitter and cavity before decaying. This has been achieved in high-ܳ factor cavities, such as FabryPérot, whispering gallery and photonic crystal type cavities with low ߢ. 18 . Although strong coupling in these cavities can be reached, the brightness of such systems is consequently low due to the low cavity decay rate ߢ (Fig. 1 ).
The photon emission rate (PER) of a single photon source, at low excitation intensity is proportional to బ బ ା ౨ౚ ఙ ௩ I ୣ୶ୡ , i.e. the quantum efficiency (ratio of radiative rate to sum of other rates), the absorption cross-section σ and the excitation intensity (I exc ). For higher excitation intensity the PER will level off and the photon source will reach saturation with maximal PER proportional to the radiative rate Γ 0 . In proximity of a nanoantenna cavity, the rates will be enhanced and as a result saturation will be reached at even higher excitation intensity and maximal PER. For a bright single photon source, the PER from the combined emitter-cavity system needs to be maximised, i.e. a short cavity photon lifetime. Therefore, the cavity decay rate ߢ, which puts a next limit on the maximum PER possible, should be kept as high as possible. To take advantage of this high ߢ, the coupling between the emitter and the cavity must also be tuned optimally (݃~ߢ) to ensure photons are efficiently emitted through this path. This can be achieved in the bad-cavity regime, where Γ ≪ ݃ < ߢ. 20 In this regime, the combined decay rate of the system is approximately 4݃ ଶ /ߢ at resonance (see Supporting Information Section A). This rate can be far superior to the emitter's free radiative rate Γ , with a large Purcell factor 19 : ‫ܨ‬ = 1 + 4݃
Plasmonic nanoantennas make exemplary cavities for this type of coupling. In nanoantennas, light is coupled to electron oscillations that efficiently radiate to the far-field with high radiative rate and even good directivity 9 . Of equal importance, the cavity mode volume ܸ of nanoantennas, is extremely sub-wavelength, orders of magnitude below ሺߣ/݊ሻ ଷ , providing large spatial overlap of the quantum emitter with the cavity mode, maximising ݃. Indeed strong Purcell enhancements of 10 2 -10 4 have been shown using plasmonic resonators [21] [22] [23] [24] and recently, the strong coupling regime has been reached with ‫ܨ‬ ~ 10 6 at a 40 nm 3 volume. 25, 26 Unfortunately, at such minute volumes, direct quenching to the metal of the emitter's excited state opens up an additional non-radiative loss channel, that severely limits the actual photon output ( Fig. 1) , despite the increase in spontaneous decay rate. Fortuitously, recently it was shown that mode hybridization in the strong coupling regime can yet again suppress the quenching and recover the emission 27 . Thus, given a nanoantenna cavity with high radiative efficiency and a nanoscale local mode volume, the main challenge becomes situating a single photon emitter at the accurate position within the mode volume for highest coupling strength ݃, while preserving the high photon emission rate and limiting any non-radiative losses 28 .
Here we present the deterministic positioning, with nm accuracy, of an oriented single molecule in the proximity of a dipole nanoantenna cavity, to create a nanoscale map of the coupling strength ݃. We reveal strong Purcell enhancement and a maximal ݃ value of 206 GHz, strongly dependent on the nanoscale position and orientation of the molecule within the cavity mode. By tuning the coupling, we demonstrate nanoantenna-controlled speeding-up of non-classical photon emission, enabling a bright and high-purity single photon source with ultrashort inter-photon times in the range of 100 ps.
Scanning a resonant nanoantenna over a single fluorescent molecule (Fig 2a) , we obtain a fluorescence intensity map (Fig. 2b) revealing the characteristic two-lobed pattern corresponding to the fundamental cavity mode of a dipole nanoantenna 23 . The mode is strongly localised at the ends of the nanoantenna with hotspot size of 20 nm, producing a lateral mode confinement of ≈10 3 ߣ ଶ . Nano Letters   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 We maintain an emitter-nanoantenna distance > 5 nm to prevent fluorescence quenching due to increase of the non-radiative rate (Γ ௗ ሻ 24 . The molecule is driven in the linear regime, far below saturation, emitting around 2x10 4 counts/sec (~ 10 6 photons/sec), to allow sufficient time for a full molecule-cavity map before discrete photobleaching. At the hotspot centres, the fluorescence lifetime reduces from the free space value (߬ = 4.8 ns) to a minimum value of ߬ ௧௧ = 0.47 ns corresponding to a 10x enhancement in the spontaneous emission rate (Fig. 2c) . The increase in decay rate (Γ ௧௧ ) is chiefly proportional to the increase in fluorescence intensity (Fig.2d ) which confirms the predominantly radiative enhancement for our near-unity quantum yield fluorescent molecules. Still lifetime and intensity traces show some subtle asymmetries ( 29 . We extract the cavity loss rate ߢ = 8.8x10 13 Hz from the extinction spectrum of the nanoantenna with ܳ factor ≈ 5 at a resonance wavelength of 680 nm (see Methods). Thus from the measured lifetime values we deduce ݃, and build a full ݃ map, basically with molecular resolution (Fig. 3a) . The map shows values from ݃ = 0, in point 1 where the molecule is completely de-coupled from the cavity, and increases as the molecule enters the mode volume of the nanoantenna-cavity towards the hotspot (point 2)
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with a maximum value of ݃ ௫ = 206 GHz (0.85 meV), and ݃ ≫ Γ . In this hotspot we are optimally positioned in the bad-cavity regime with a high coupling strength g yet at same time with high ߢ, allowing efficient emission of photons from the cavity. The g map shows good agreement with FDTD simulations (Fig. 3b) , based on calculation of the power radiated from a dipole emitter in the near-field of a nanoantenna-cavity at a plane 15 nm below the nanoantenna surface.
Next we analyse the nano-positioning dependent photon statistics of the emitter, as it is controlled by g , especially at the hotspot where ݃ ≫ Γ . To this end we have determined the second-order intensity correlation function g (2) (τ) throughout the g map, as shown in Fig. 3c . At point 1, free of coupling to the nanoantenna, the g (2) (τ) shows a normalized zero-time-delay coincidence rate well below the g (2) (0) < 0.5 limit (Fig. 3c , blue curve 1), as expected for the non-classical single photon emission of the single molecule. The width of the correlation peaks is a direct measure for the molecular decay time. Measuring the photon statistics for increased coupling towards, i.e.
moving the same molecule towards the hotspot (Fig. 3a , point 2), we see a dramatic sharpening of the g (2) (τ) statistics, as the coupling increases, and the decay accelerates, to its fastest point at the hotspot centre (Fig. 3c , red curve). Interestingly, a marginal peak becomes visible at g (2) (0), as the very fast molecule-cavity decay causes rapid re-excitation of the molecule within one and the same excitation laser pulse (see Supporting Information Section C) 30 . The re-excitation and two-photon emission due to finite pulse length is known to affect single photon sources, while at the same time interesting for new multiphoton states 31 . The dramatic sharpening of g (2) (τ) in the coupled case results from the 10-fold increase in the excited state decay rate and allows us to deduce that coupled single emitter-nanoantennas allow ultrashort inter-photon times in the range of 100 ps.
When driven at saturation one can envisage bright (> 10 9 photons·s -1 ) true single photon sources.
A molecule, as a dipolar emitter within a vectorial electric field mode volume, is sensitive not only to position but also to the relative orientation. The orientation crucially affects the coupling strength between the cavity and the emitter as seen above where ݃ = . ሺ, ߱ሻ/ℏ. The effect of this is already evident in the minor asymmetry observed in the coupling strength between the two nanoantenna hotspots visible in Fig. 3a , b. From this, we deduce slightly out-of-plane of the xoriented molecule. We note that mere intensity mapping ( Fig. 2b) is not sufficient, since intensity is susceptible to excitation conditions (including polarization and interference), whereas coupling strength is not. To illustrate the vectorial picture of the coupling strength ݃ we address cases of two single molecules of orthogonal orientation (z, y) with respect to the nanoantenna long axis. Fig. 4a and 4b show calculated g maps for z-and y-molecule, resp. The fully out-of-plane z-molecule shows the dipolar two-hotspot pattern, similar to that seen for an in-plane molecule aligned along the antenna long axis (Fig. 3) , however the coupling is even stronger due to the stronger z-fields between cavity and sample plane 23, 24 . The in-plane y-molecule displays characteristic four-lobed pattern with weaker coupling (Fig. 4b) . Experimentally the out-of-plane molecule is barely detectable without the nanoantenna, due to the difficulty of exciting out-of-plane molecules in a confocal setup. Yet, when coupled to the nanoantenna, both efficient excitation of the molecule, as well as emission into the antenna mode occur and indeed coupling g up to 200 GHz is detected (Fig.   4c ). In-plane y-molecules, perpendicular to the antenna mode, are weakly enhanced and harder to find. Fig. 4d , e shows such case with the molecule largely along y yet a bit out-of-plane. The fourlobed pattern is a bit asymmetric character due to mixing in of coupling to the much stronger z-field.
Clearly such nanometre precise, orientation resolved coupling maps allow the precise optimisation of a single emitter's placement to provide maximal radiative coupling and photon emission 28 .
To summarise we have mapped the coupling strength ݃ between a sub-wavelength sized nanoantenna and a single molecule with nanometre precision using differently orientated molecules to characterize the vectorial nature of the coupling strength ݃. The measured QED parameters for our nanoantenna-cavity are (Γ , 2݃, ߢ) = (0.21 GHz, 412 GHz, 88 THz). We show that nanoantennacavities coupled to single photon emitters provide an optimal platform for super-bright and pure single photon sources due to their high radiative emission rate and sub-wavelength mode volumes allowing high molecule-cavity coupling strengths while providing fast photon emission rates.
Obviously, a bright emitter-nanocavity system requires a robust single photon source. Here we used photostable TDI molecules which allow driving the singlet-singlet photocycle beyond a GHz, yet crossing to the triplet state, and ultimately photodissociation, limit such bright emission to durations of msec to second. Quantum dots are an alternative for bright photon emission 32 , but 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 equally run into dark states and biexciton excitation at high power. Diamond NV centres are more photostable, yet less bright, while the diamond shell prevents close proximity to nanoantennas and limits the Purcell factor 33 . The novel single photon emitting defects in 2D-materials, such as boronnitride 34 , are an interesting alternative, provided they live up to the required high power stability.
We underline the importance of the precise emitter position and orientation to maximise this coupling and thus photon emission rate. Such ultra-compact and directional single photon sources are highly compatible with integrated photonic devices and thus provide new opportunities in all-optical quantum information applications and solid-state devices. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 red) the molecule continues to show single photon character [g (2) (0) = 0.13±0.02] yet with a strongly reduced lifetime manifested in the much narrower width of the correlation peaks.
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